Uridylate insertion/deletion RNA editing in Trypanosoma brucei is a complex system that 22
Kinetoplastid protozoa including Trypanosoma brucei are early-branching eukaryotes 47 that require extensive insertion and deletion of uridylates in most mitochondrial mRNAs 48 (reviewed in 1). This RNA editing is protein-catalyzed and directed by small guide RNAs 49 (gRNAs) with complementarity to fully-edited mRNA. Most editing progresses in blocks that 50 typically overlap and each block is directed by a single gRNA (2). The editing machinery 51 includes multiple subcomplexes: the ~20S catalytic RNA editing core complex (RECC, also 52 called the 20S editosome) and auxiliary editing RNPs. The ~15S REH2-associated complex 53 (REH2C) characterized here includes RNA editing helicase 2 (REH2), REH2-associated protein 54 factor 1 ( H2 F1), H2 F2, and mRNA substrates and products (3, 4) . However, only REH2 and H2 F1 55 participate in editing. REH2C interacts with a larger accessory editing RNP complex termed the 56 stabilization. Finally, we used a recombinant protein construct to establish that the isolated full-96 length REH2 (240 kDa) is a bona fide RNA helicase enzyme with ATP-dependent unwinding 97 activity. REH2C is most likely an enzymatic editing RNP in kinetoplastid holo-editosomes. 98 99
Results

101
Previous studies revealed that the native REH2C exhibits RNA-mediated interactions 102 with at least two variants of RESC (3-5). These variants contain gRNA and comparable levels of 103 GAP1 and RGG2, that typify GRBC and REMC, respectively. However, these variants differ 104 minimally in their relative content of the canonical MRB3010 in GRBC. Additional variations in 105 protein composition have been reported in purifications of RESC components by different labs 106 (reviewed in 1). Interestingly, native and genetically-induced changes in MRB3010 stoichiometry 107 may be common. While the precise reasons for these changes are unclear, we reasoned that 108 they reflect relevant dynamic changes in the assembly and function of the editing apparatus. In 109 this study, we examined protein features that affect the formation of REH2C, its stable 110 association with RESC components, and its transient contacts with the RECC enzyme. Because 111 the examined helicase-associated RESC variant exhibits substoichiometric MRB3010, we refer 112 to its variant GRBC module as GRBC* (4). Using antibodies made available to us, we have 113 detected other proteins in pulldowns of REH2 that may be part of this RESC variant including 114 both GAP1/GAP2 paralogs and MRB8170. The REH2 pulldowns also contain MRB6070 that 115 was found in a MRB6070/MRB1590 subcomplex that associates via RNA with RESC (11)(S1 116 Fig.) . However, further analysis of relative composition between variants is needed. 117 118 Analysis of REH2 mutants in vivo 119 120 We analyzed the importance of specific features of REH2, both in the formation of REH2C 121 and in the association of this subcomplex with other components in holo-editosomes (constructs 122 listed in Fig. 1A ). To this end, we expressed a tetracycline (Tet)-inducible REH2 wild-type (WT) 123 construct with a Tandem Affinity Purification (TAP) tag (3) and examined its co-purification with 124 endogenous H2 F1 and GAP1 proteins, of REH2C and GRBC, respectively. We found that ectopic 125 REH2 was able to reconstitute interactions of the native REH2 protein in trypanosomes ( Fig. 1B-C,  126 lanes 1-2, respectively). With this system in hand, we tested the assembly of REH2 variants bearing 127 truncations or point mutations in an approach that has been used in other eukaryotic DExH/RHA 128 helicases (16, 19) . All REH2 mutants examined were directly compared and normalized to a WT 129 construct used as control. Neither overexpression or depletion of REH2 affects the steady-state 130 level of its binding partner H2 F1 or the examined GRBC proteins (3, 4) . Representative assays from panels A-B and other pulldowns in this study were used to plot +/-1 144 SD, n=3 for each mutant. The H2 F1/REH2 and GAP1/REH2 ratios in each REH2 mutant were 145 normalized to the ratios in REH2 WT (= 1, in the plot). Assays with signals that were too low were not determined (n.d.). REH2 was often fragmented, so only the full-length polypeptide was 147 scored. Some short deletion mutants were present at higher level than tagged REH2 WT in the 148 induced extracts. 149 150 N-and C-truncations. We examined N-and C-terminal regions (NTR and CTR) flanking the 151 catalytic and helicase associated domains RecA1/RecA2 and HA2, respectively, in REH2. We 152 removed sequences in the unique NTR (>1000 residues) in the REH2 variants DN and DNds. Next, 153
we removed the CTR after the OB fold (123 residues) or from the OB fold (260 residues) in the DAOB 154 and DOB variants, respectively. REH2 and its orthologs in kinetoplastids carry the longest N terminus 155 in the known DExH/RHA-type helicases (~1300 residues in REH2 from T. brucei) (14). Direct 156 comparisons with the REH2 WT construct showed that the examined N-and C-resections reduced 157 the association of the shortened REH2 polypeptides with H2 F1 and GAP1 proteins (Figs. 1B-D). This 158 suggested that both termini of REH2 may contribute to the normal assembly of REH2C and its RNA-159 mediated interactions with other editing components in vivo. The dsRBDs, the OB fold, and 160 undefined features in the N and C termini may be involved. It is also conceivable that the examined 161 sequence resections may impact the global conformation of REH2, thereby indirectly affecting its 162 protein interactions. In that case, the normal REH2 interactions in the editing apparatus may be 163 sensitive to overall changes in the integrity or conformation of REH2. A comparison of REH2 DN and 164
DNds in whole-cell and enriched-mitochondrial extracts indicated that these large truncations do not 165 prevent mitochondrial import (S2 Fig) Prp43p is a bi-functional helicase in mRNA splicing and ribosome biogenesis (15, 22) . The helicase 172 MLE remodels roX RNA substrates to promote assembly of the dosage compensation complex in 173 Drosophila (18). We examined specific residues in the predicted OB fold of REH2 that seem to be 174 conserved in the DExH/RHA helicases mentioned above ( Fig. 2 A-D) . OB point mutations were 175 compared to two controls: REH2 WT and a mutation in dsRBD2 (dsR) that reduces the association of 176 REH2 with GAP1, gRNA and mRNA ( Fig. 2A , lanes 1 and 2, respectively) (3). The b1-b2 and b4-b5 177 loops in the OB fold may include determinants in nucleic acid recognition ( Fig. 2D) (16, 18) . In 178 helicase Prp43p, mutation of K704 (b4-b5 loop), which is exposed to the solvent in the Prp43p 179 structure, decreased the RNA affinity and ATPase activity of the helicase in vitro (16). Sequence 180 alignments and a homology model derived from the structure of Prp43p matched K704 in Prp43p 181 with R2023 in the predicted b4-b5 loop in REH2 (S3 Fig)(4) . We also examined R1979 in REH2 that 182 is not conserved in Prp43p and may serve as an internal control. Pulldowns of the R1979A and 183 R2023A mutants suggest that neither mutation alters the association of REH2 with H2 F1 (Figs. 2A-C). 184 R1979A did not appear to affect the REH2 association with GAP1. However, R2023A caused a 185 moderate decrease in the association with GAP1, implying that at least R2023A could be disruptive 186 in trypanosomes. 187
In helicase MLE, several residues in the OB fold bind to specific uridylates in U-rich 188 sequences in roX transcripts. Mutation of some of these residues impaired RNA binding by MLE in 189 vitro or the proper localization of MLE in chromosomes (18). Sequence alignments and homology 190 models indicated that the residues H1032 and K1033 in MLE likely represent residues H1998 and 191 R1999 in the predicted b3-b4 loop in the OB fold in REH2 ( Fig. 2D; S4 Fig)(21) . The H1998E mutant 192 appeared to retain a normal association with H2 F1 but exhibited a moderate decrease in association 193 with GAP1. In contrast, R1999E either alone or together with H1998E (98/99) exhibited a more 194 robust decrease (over 60%) in association with both H2 F1 and GAP1 ( Fig. 2A-C ). This indicated that 195 However, R1999 has a higher impact on such interactions than the adjoining H1998. As expected, 197 the dsR mutant used as a control exhibited a strong decrease in association with GAP1. However, 198 the dsR mutation did not seem to affect the association of REH2 with H2 F1 ( Figs Table 1 summarizes observed effects of the examined mutations in REH2 on its association 215 with H2 F1 and GAP1. While large protein truncations in REH2 may alter the global conformation of 216 the polypeptide, relevant point mutations in REH2 are more likely to cause specific functional effects. 217
Our systematic mutagenesis of REH2 suggests an intricate interaction network including features 218 across both N-and C-terminal regions of REH2 that affect the assembly of REH2C, and the 219 association of this subcomplex with GAP1-associated RNPs in vivo. Remarkably, these observations 220 also indicate that equivalent residues in the auxiliary conserved OB fold domain in DExH/RHA helicases function in disparate RNA processes in the taxonomically distant species of trypanosomes, 222 yeast, and fly. 223 
Analysis of H2 F1 mutants in vivo
To analyze specific features of the H2 F1 zinc finger protein in trypanosomes, we expressed a 229
Tet-inducible tagged H2 F1 WT construct and examined its association with endogenous REH2, GAP1 230 and REL1 proteins. REL1 is a subunit of the editing enzyme RECC. We found that the tagged H2 F1 231 WT was able to reconstitute interactions of the native H2 F1 protein in trypanosomes ( Fig. 3) . Notably, 232 expression of the ectopic H2 F1 WT increased the steady-state level of endogenous REH2 compared 233 to a control lane without tetracycline (Fig. 3A , lanes 1-2; Fig. 3B ). As a control to mark the position of 234 REH2 we used a reported RNAi-based knockdown of H2 F1 that decreases the level of endogenous 235 REH2 (Fig. 3A , lanes 5-7; Fig. 3B )(4). The contrasting effects of the upregulation and downregulation 236 of H2 F1 on the endogenous REH2 are consistent with the idea that H2 F1 stabilizes REH2 in vivo. We 237 examined the distribution of REH2 and H2 F1, and canonical proteins in RESC and RECC, in 238 sedimentation analyses of mitochondrial extract (S5 Fig) . REH2 is heterodispersed as shown before 239 (23) and overlaps with H2 F1 in the gradient. However, the relative abundance of these proteins at 240 
Association in pulldown
Vikas Kumar et al high and low densities differs substantially. It is possible that the association between REH2 and H2 F1 241 or their stoichiometry in REH2C varies in vivo. Additional studies will be necessary to examine these 242 possibilities. To determine if the stabilizing effect of H2 F1 requires one or more zinc finger (Znf) domains, 263
we introduced amino acid substitutions that either disrupt the canonical fold of the domain (by 264 replacing the canonical residues) or eliminate the positive charge (by replacing various basic 265 residues with neutral residues) in individual fingers of the ectopic construct. The examined H2 F1 mutants are summarized in Table 2 . The location of the fingers and the examined substitutions 267 (between 2 and 6 basic residues per finger) in the full sequence of H2 F1 are shown in S6 Fig. All 268 H2 F1 mutants examined were directly compared and normalized to a WT construct used as 269 control in all panels. This enabled the separation of mutants in multiple panels. 270 Table 2 . H2 F1 mutants with reduced ability to stabilize REH2 in vivo 271 272 273 Canonical cysteine residues. We changed two cysteines to two alanines (C2>A2) to disrupt 274 the native conformation of the predicted zinc fingers (Fig. 3A ). We began by disrupting Znf5 because 275 of its significant homology to a reported dsRNA-bound C2H2 zinc finger domain structure (4, 14, 24). 276
Mutants are referred to in the text by the acronym in the general form ZnfX. A shorter version of the 277 acronym is used in the figure annotations. The resulting mutant protein Znf5 C2>A2 did not induce an 278 evident increase in the steady-state level of endogenous REH2 as we found after expressing the 279 H2 F1 WT construct. This was evident in direct comparisons of extracts that contain similar levels of 280 ectopic H2 F1 protein, WT or Znf5 C2>A2 (Fig. 3A , lanes 1-4; Fig. 3B ). To examine whether the lack of 281
Znf5 affected the association of H2 F1 with other editing components, we performed IgG pulldown 282 assays of tagged H2 F1. These assays showed that the H2 F1 WT and Znf5 C2>A2 variants similarly 283 associated with endogenous helicase REH2, GAP1 and REL1 ligase (Figs. 3C, 3E). Notably, 284 pulldowns of both tagged H2 F1 WT and Znf5 C2>A2, contain endogenous H2 F1 (Fig. 3D ). The above 285 
Figures using this construct
data suggest that Znf5 is not essential for the normal association of H2 F1 with other editing 286
components. 287
We also attempted to generate a H2 F1 variant bearing a triple C2>A2 substitution in Znf6, 288
Znf7 and Znf8. However, expression of this construct was unstable and eventually lost in culture. 289
Together, the observations above suggest that H2 F1 may require a full complement of zinc fingers in 290 their native conformation to stabilize REH2 but not to associate with the examined editing 291 components. 292 293 Variable basic residues. Because the native conformation of the zinc fingers seems to be 294 required for H2 F1 to stabilize REH2 we introduced mutations that decrease the positive charge in the 295 zinc fingers yet likely to retain native conformation (25). We expressed H2 F1 variants to test the role 296 of several basic residues around the core residues that are mostly located between the second 297 cysteine and the first histidine ( Fig. 4A ) (26). Specifically, we introduced R/K>A substitutions 298 (between 2 and 6 per finger) to decrease the positive charge in the zinc fingers and to remove 299 potential charge-charge interactions with REH2 or associated RNAs. As above, we use in the text the 300 acronym in the general form ZnfX but a shorter version of the acronym in the figures. Our functional 301 analyses of Znf1, Znf2, Znf3 or Zn5 R/K>A variants showed that the loss of positive charge in any of 302 these zinc fingers reduced the ability of H2 F1 to induce the accumulation of intact endogenous REH2 303 in extracts (Figs. 4B-C). However, these mutations did not prevent the association of H2 F1 with 304 REH2, GAP1 and REL1 (Figs. 4D-F). These expressed H2 F1 variants also co-purified with 305 endogenous H2 F1 at a level comparable to the WT construct (Figs. 4D, 4F). The data above indicated 306 that the wildtype and R/K>A variant proteins associated similarly with the examined editing 307 components. Overall, H2 F1 may require that most zinc fingers retain their native conformation and 308 positive charge to efficiently increase the stability of REH2. However, the loss of the native 309 conformation or positive charge in individual fingers does not preclude the assembly of H2 F1 in the 310 REH2C, or the association of this subcomplex with the examined editing components. Detection of endogenous H2 F1 in our pulldowns suggest the presence of H2 F1 multimers. Pulldowns treated with 312 an RNaseA/T1 mixture suggest that the association between tagged H2 F1 and endogenous H2 F1 is 313
RNase-resistant (S7 Fig.) . However, further studies using isolated recombinant proteins are needed 314 to establish direct protein contacts between H2 F1 monomers as was shown between REH2 and H2 F1 315 The ratios (protein/tagged-bait) in the mutants were normalized to ratios in the H2 F1 WT 331 construct. 332 333 N-and C-truncations. Because mutagenesis of the tested Znf domains did not prevent the 334 association of H2 F1 with other editing components in vivo, we asked if fragments of H2 F1 retain these 335 interactions. To test this question, we expressed N-or C-terminal fragments including Znf1-to-Znf3 336 (termed DC) or Znf4-to-Znf8 (termed DN) that span 49% and 51% of the H2 F1 polypeptide chain, respectively (Fig. 5A, bottom) . These two fragments exhibited minimal or no association with the 338 examined endogenous REH2, H2 F1, or REL1 ligase (Figs. 5A). These mutants were directly 339 compared with the H2 F1 WT and Znf4 R/K>A constructs. We note that while Znf4 R/K>A was 340 examined separately from the R/K>A variants in Fig. 4 , all R/K>A mutants are normalized to the H2 F1 341 WT construct that was included in all gels. The Znf4 R/K>A and other Znf R/K>A mutations in the 342 current study retained all tested interactions that are observed with the H2 F1 WT control. However, 343 the DN and DC constructs failed to establish basic interactions with the tested editing components. 344
Because the native REH2C subcomplex carries mRNA (4), we wondered if the H2 F1 DN and DC 345 constructs also fail to co-purify with mRNA. To this end, we quantitated the relative content of 346 mitochondrial transcripts in the pulldowns of the WT, DN, and DC constructs in biological replicate 347 experiments that were performed in triplicate ( The conserved predicted catalytic domains in REH2, the unwinding activity of pulldowns of 398 REH2 and H2 F1 from extracts, and the loss of this activity in the pulldowns after mutating catalytic 399 amino acids in REH2, indicate that REH2 in the context of its native subcomplex functions as an RNA 400 helicase (3, 4, 23). However, the unwinding activity of the isolated REH2 has not been formally 401 established. We have now generated a his-tagged recombinant full-length rREH2 polypeptide (240 402 kDa) without its mitochondrial leader sequence (see the methods section) that supports robust ATP-403 dependent unwinding of a synthetic dsRNA substrate in vitro. This polypeptide is largely intact in 404 most preparations (Fig. 6A ). The dsRNA substrate in our assay is a mimic of the native A6 editing 405 system formed by pre-annealing of a 3' fragment of the pre-mRNA A6 with a cognate gRNA. In the current study, we examined over 20 constructs of REH2 and H2 F1 (Tables 1 and 2) to 434 identify features in these editing proteins that impact the stability of REH2, the assembly of the 435 REH2C RNP, and its RNA-mediated coupling with other components of the RNA editing holoenzyme 436 (or RNA holo-editosome). We also formally established that the isolated REH2 is a bona fide RNA 437 helicase enzyme. The NTR truncations examined here (>1000 residues each), DN and DNds, caused a major 459 loss in H2 F1 binding and RNA-mediated association with GAP1. The only difference between the DN 460 and DNds constructs is that the latter lacks the ~70 amino acid dsRBD2 domain. As mentioned 461 above, the dsRBD2 promotes the addition of REH2 into holo-editosomes (3). Also, the dsRBD2 in the 462 related helicase MLE in flies may provide a major RNA-binding surface (29, 30). The tested 463 interactions by REH2 in vivo. These truncations may also introduce topological changes that alter the 465 normal REH2 interactions but did not prevent localization of the constructs in enriched-mitochondrial 466 extracts (S2 Fig.) . Conformational changes were proposed to modulate interactions by other 467 eukayotic DExH/RHA helicases (18, 31). Overall, the tested NTR truncations may indicate the 468 presence of unidentified protein features or global changes in conformation that affect the REH2 469 interactions. Further studies will be needed to resolve these possibilities. However, relatively short 470 CTR truncations and point mutations that affected the REH2 interactions with other editing 471 components are less likely to cause major conformation changes in REH2. 472
473
We have speculated that the conserved OB fold in DExH/RHA subfamily helicases may 474 share functional residues in kinetoplastid RNA editing and other RNA processes (14). Our examined 475 C-terminal truncations included most of the CTR (260 residues in DOB) or elements beyond the 476 OB fold that may be specific of REH2 (123 residues in DAOB). We examined R2023 in REH2 477 that corresponds to R704 in helicase Prp43p in yeast spliceosomes (16) (S3 Fig.) . R2023 478 should be located in a critical loop, β4-β5, in the REH2 OB fold. In yeast, R704 is poised to 479 interact with the RNA substrate entering the helicase cavity, and mutation of this residue inhibits 480 the RNA binding and RNA-mediated activation of Prp43p (16). We also examined R1979 in 481 REH2, which is not conserved in Prp43p. In trypanosomes, the R2023A substitution had a 482 moderate effect on the stable RNA-mediated association of REH2C with GAP1. However, 483 R1979A did not evidently affect this interaction. Neither R1979A or R2023A seem to 484 significantly affect the REH2 direct interaction with H2 F1. 485
Similarly, H1998 and R1999 in REH2 were compared to the equivalent H1032 and 486 K1033 positions in the RNA helicase MLE in flies. The later residues in MLE bind specific 487 uridylates in U-rich roX boxes of the cognate roX RNA. H1032 and K1033 are also needed for 488 the chromosomal localization of MLE in the Drosophila dosage compensation complex (18). The H1998E substitution had a moderate effect on the REH2 association with GAP1 but had little or 490 no effect on the interaction with H2 F1. In contrast, the adjacent substitution R1999E affected 491 both the direct REH2 interaction with H2 F1 and the RNA-based REH2 association with GAP1. 492
These results are consistent with the idea that H2 F1 is an adaptor protein of REH2 (4), and that 493 structure-function correlations may be tractable to specific conserved amino acids in REH2 and 494 related helicases in highly-diverged species (14). This is also in line with the idea that the OB 495 fold in DExH/RHA helicases, including REH2, is a conserved regulatory domain. 496 497 H2 F1 mutants in vivo 498 
499
H2 F1 has eight predicted C2H2 Znf domains that cover over ~45% of the polypeptide 500 sequence. Apart from the Znf domains, H2 F1 has no evident sequence or structural conservation 501 outside of the kinetoplastids. H2 F1is an adaptor protein that brings the REH2 to the editing machinery 502 (4) and it also stabilizes REH2. That is, the induced downregulation of H2 F1 caused fragmentation of 503 REH2 (4), and we showed here that the converse upregulation of H2 F1 increased the REH2 level in 504 vivo. H2 F1 may require most of its zinc fingers to stabilize REH2 because loss of the core structure or 505 positive charge in individual fingers compromised this function. It is feasible that the stabilizing effect 506 of H2 F1 involves substantial changes in the helicase conformation and coordination of its zinc fingers. 507
Notably, all examined H2 F1 substitution-mutants were able to associate with REH2, GAP1, and REL1. 508
This suggested that the basic fold or positive charge of the fingers is not essential for the H2 F1 509 association with other editing components. However, N-or C-terminal truncation of nearly half the 510 size of H2 F1 hampered its normal interactions with the examined editing components. The H2 F1 DN 511 accumulated in enriched-mitochondrial extracts but the H2 F1 DC localization in mitochondria seemed 512 relatively compromised. Somehow the C-terminal truncation was particularly deleterious to H2 F1. 513
Additional studies are needed to pinpoint specific determinants for H2 F1 direct binding to REH2 or its 514 RNA-mediated contacts with other components.
Besides the REH2• H2 F1 system, other DExH/RHA helicase•Znf protein pairs have been 516 characterized (14). In the DXH30•ZAP system in antivirus protection in humans, the antiviral protein 517 ZAP has four Znf motifs that participate in viral RNA recognition (32, 33) . All four fingers lie on a 518 positively charged surface in a crystal structure of ZAP (25) and mutation of basic residues in the 519 fingers inhibited the ZAP antiviral function (33) . The ZAP studies imply that stabilization of REH2 by 520 H2 F1 could involve a precise topology of its zinc fingers, and that the H2 F1 fingers may participate in 521 RNA binding. Notably, recombinant ZAP is multimeric (25). If H2 F1 dimerizes, a single REH2C RNP 522 would include 16 zinc fingers. The co-purification of tagged and endogenous H2 F1 from RNase-523 treated extracts imply direct protein contacts between the H2 F1 copies (S7 Fig.) . However, analyses 524 of recombinant H2 F1 WT and mutants are necessary to establish the potential of H2 F1 to multimerize 525 and bind RNA, and to define the role of its fingers. The RNA content in pulldowns of the H2 F1 Znf4 526 variant with four R/K>A substitutions suggested minimal changes in association with target RNAs in 527 mitochondria but a significance loss in non-specific contacts with unrelated transcripts. This suggests 528 that subtle changes in RNA affinity are more likely to affect weak non-specific RNA contacts. The 529 general loss of transcripts examined in the pulldowns of the tested H2 F1 fragments also suggests that 530 efficient RNA association by the REH2C complex in vivo involves a full array of zinc fingers in H2 F1. 531
We note that the transcripts examined may associate with either H2 F1, REH2 or both proteins in the 532 native REH2C RNP. 533 534 REH2 may function as an RNA helicase in kinetoplastid RNA editing 535 536 Prior studies suggested that REH2 is a functional helicase in RNA editing. REH2 pulldowns 537 from GAP1-depleted extracts exhibit RNA unwinding activity (4), and the mutation of catalytic 538 residues in the predicted RecA1 domain inhibits the unwinding activity in pulldowns of REH2 (23). 539
We have now established that the isolated full-length recombinant REH2 (240 kda) is a bona fide 540 holo-editosomes provides an ATP-dependent unwinding activity in RNA editing. Additional studies 542 are needed to determine if H2 F1 affects the activity of REH2. Besides REH2, the editing apparatus 543 also requires the DEAD-box RNA helicase REH1 (12, 13). REH1 is not part of the RNPs studied here 544 and seems to lack a direct binding partner. A transient RNA-mediate interaction of REH1 with 545 other editing proteins has been detected (23, 34). REH1 and REH2 are functionally different. 546 REH2 is needed for editing within single blocks, including the first "initiating" block (3). In 547 contrast, REH1 is needed for editing of two or more blocks (i.e., by overlapping gRNAs) but has 548 no effect on the first block, suggesting a role in gRNA exchange (13) . Both RNA helicases may 549 promote critical remodeling of RNA or RNP structure. Our ongoing RNA-seq analyses may 550 provide additional functional insights concerning REH2C (Kumar et al., unpublished) . 551 552
Possible roles of editing complex variants
The editing apparatus much like the splicing and transcription molecular machines may 555 exhibit dynamic phases of assembly and function. The RECC enzyme has multiple isoforms that 556 include several RNase III (RIII)-like protein subunits. These RIII proteins have the potential to 557 form a large number of binary combinatorial that could modulate substrate recognition (35-37). 558 Also, natural GRBC and REMC isoforms and genetically-induced changes in their protein/RNA 559 organization are emerging. A recurring theme is the variable interaction between the essential 560 GAP1/2 heterotetramer in all editing involving GRBC-bound gRNAs, and MRB3010 (GRBC6) 561 that participates in early editing (1, 6, 38). A controlled interaction of the GAP1/2 tetramer with 562 MRB3010 may modulate editing. For example, GRBC variants in pulldowns of MRB3010 or 563 REH2 differ in relative content of MRB3010 and editing level in associated mRNAs (3, 5). 564
However, RNAi of REH2 or H2 F1 caused a reduced editing in mRNAs in the MRB3010 pulldowns 565
(3, 4). REH2 and H2 F1 features, including those examined here, may affect specific steps in the 566 editing mechanism and we are currently addressing this.
568
Materials and methods
570
Cell Culture 571 572
T. brucei Lister strain 427 29-13 procyclic was grown axenically in log phase in SDM79 573 medium (39) and harvested at a cell density of 1-3x10 7 cells/mL. All transgenic cell lines were 574 induced with tetracycline at 1μg/mL. The REH2 WT-TAP and H2 F1 RNAi cell lines that were 575 used as controls were generated in our lab (3, 4). We have seen that the TAP tag in REH2, 576
including the WT construct, seems to slow the growth of trypanosomes after several days of 577 culture (23). This and presumably incomplete cloning after transfection may account for the 578 uneven expression levels in extracts from independent subcultures. To partially control for this 579 issue, most plasmid constructs used to generate the current data figures were made to use 580 puromycin selection. Most transfections used tetracycline-screened HyClone Fetal Bovine 581 Serum (FBS) (SH30070.03T; GE Healthcare. This enabled a faster cell recovery after 582 transfection than with constructs using phleomycin selection that were originally used in cell 583 lines appearing somewhat less stable during subculture. Regardless of this issue, independent 584 analyses of protein associations were consistent with either puromycin or phleomycin 585 constructs. 586 587 DNA constructs 588 589
All overexpression and RNAi studies used inducible plasmid constructs. The constructs 590 for H2 F1 RNAi and the REH2 dsRBD2 mutant K1078A/A1086D were previously reported (3, 4) . 591 N-terminal deletion constructs for REH2 (DN and DNds) and H2 F1 (DN) were prepared using the 592
In-Fusion® HD Cloning Kit (639648; Clontech). Two PCR amplicons were prepared in each 593 case using CloneAmp™ HiFi PCR Premix (638500; Clontech) and were then gel-eluted using NucleoSpin® Gel and PCR Clean-up (740609.10; Clontech). One amplicon encodes the first 34 595 amino acids of REH2 (primers: F-1503, R-1522), including the predicted REH2 mitochondrial 596 leader sequence (REH2-MLS) (23), that was used for all N-deletion constructs. The other 597 amplicon included the remaining relevant gene fragment sequence: 3070-6501 bases (REH2 598 DN), 3280-6501 bases (REH2 DNds), or 766-1572 bases ( H2 F1 DN) . Three-piece in-fusion 599 reactions were performed to join the two amplicons and pLEW79-ada-TAP plasmid linearized at 600
XhoI and BamHI (40). The PCR primers (S1 Table) and target Cq values. The current plots of input extract used 18S rRNA as reference (S8 Fig.) . 708
We obtained similar results with any of these cytosolic transcripts used as a reference: tubulin, 723  724 6xHis-REH2 (amino acid residues 30-2167) was amplified by PCR (S1 Table) . The gel-725 purified product was cloned into the NcoI and BamHI sites in the expression vector pET15b by 726 using the NEBuilder® HiFi DNA Assembly Master Mix (E262, NEB) and the appropriate primers. sample (i.e., it has a lower Cq). The WT construct is induced or not (+/-). All mutants are 945 induced. All end-point amplicons were examined in gels to confirm that they were single 946 products during linear amplification. Abbreviation of the RNA names is as in Fig. 5B . 947 948 S1 Table. DNA oligonucleotides, gBlocks (IDT) and synthetic RNA. 
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